Abstract-3D printing or additive manufacturing is a process of producing three-dimensional solid objects from a software design. Color and material limitations for simultaneous usage, and relatively low printing speeds are the major problems of fused filament fabrication (FFF). In this study, an extrusion model with five nozzles is proposed to address the current deficiencies. The proposed extrusion model enables printing with five different colors and materials simultaneously without stopping the operational process while switching the filaments. The major advantage of the proposed model is that, the tailor made lightweight hot-end extruder is driven by only two motors. The proposed extrusion model provides a novel technique for 3D printing with multi-color and multi-material.
INTRODUCTION
The ability to print a 3D object from a digital file is a breakthrough technology. 3D printing technology has shown a rapid growth in the last few. The principle of 3D printing is to bond materials in layers to form a three-dimensional object. There are several 3D printing methodologies such as stereolithography apparatus (SLA), selective laser sintering (SLS), fused filament fabrication (FFF), and laminated object manufacturing (LOM) [1] .
Fused filament fabrication (FFF) is one of the most popular technologies due to its simplicity. In FFF, a plastic filament from a coil is driven to the extrusion nozzle and then passes through the heater with the required melting temperature. The object is printed layer by layer with the flow of that melted material. After flowing through the extrusion nozzle, the material solidifies immediately. The application of pressure in the nozzle pushes the semisolid material out of the nozzle. The stable pressure and constant moving speed of the nozzle result in a uniform extrusion and, therefore, in a more accurate product [2, 3] .
Although a number of advancements have been achieved in the FFF process, there are still some imperfections. First, the printing speed is relatively low compared to other printing methods. More time is needed to obtain thinner layers in order to build an object with more accurate and precise dimensional control. Second, the process has been limited to print only one type or colored material at a time.
This paper provides a novel solution to the issues of time consumption, color and material limitations for fine and accurate 3D printing. The solution is to implement several extrusion nozzles that operate simultaneously, which could save the printing time and allow the utilization of varieties of color/material filament.
II. CONFIGURATION OVERVIEW
This section provides information on the mechanics and limitations of the conventional single nozzle extruders and the possible improvements by the proposed multi-nozzle extruders.
A. Working Principle of Extruder and its Limitations
The fundamental working principles of an extruder have been described in the introduction section. The extruder is composed of cold-end and hot-end. The function of cold-end is to drive the filament into the hot-end. The cold-end generally consists of a stepper motor which rotates a toothed gear against a bearing. The filament (usually 1.75 mm and 3 mm in diameter) located between the gear and bearing is driven towards the hot-end when the motor is activated. Different types of gear combinations (e.g. worm wheel and gear, pinion and gear, or complex gearbox) can be used to increase the torque and improve the extrusion control. Some of the cold-end parts can be 3D printed with plastic filaments. The cold-end cannot be heated as it may close to the hot-end location. Therefore, heat sinks, fans, water cooling, or Peltier effect cooling are normally used to address this issue [3] .
Nowadays, two types of extruders are commonly used, which are direct extruder and Bowden extruder. Most of the FFF 3D printers belong to the direct extruder type. In this type of extruder, moving parts include a nozzle, a heater and a motor, which pull and drive filament from the cold-end to the hot-end directly. For Bowden extruder type, the driving parts are separated from the hot-end and it is the only difference between the direct and Bowden extruder [4] . Bowden extruder FFF printer has a flexible cable connected between two separate parts. The cable is known as Bowden cable, and sometimes it is also called as Teflon tube (depended on the material name). Thermoplastic filament is driven inside the tube in order to get a permanent feed of the material to the moving hot-end.
There is a thermal insulator or break between the cold-end and hot-end, which joins these two ends and prevents heat conduction between the two ends. The thermal insulator is normally made of PEEK plastic with PTFE liners. Groove mounts are also used to connect the cold-end to the hot-end [3] .
The function of the hot-end is to melt the filament. It is normally made of brass, but in some case, aluminum and glass are used in order to reduce the weight of the hot-end. The hotend consists of a heating chamber with two holes, one hole for filament feed in, and the other hole for the extrusion of molten plastic. The diameter of the extrusion (tip) hole of the nozzle varies from 0.3 mm to 1 mm. The typical working temperature for the hot-end ranged from 150 ºC to 250 ºC, which includes the melting temperature of the most popular filaments likes ABS and PLA. Thermistor or thermocouple are normally used in the feedback loop to measure and monitor the temperature. The extruder is mounted to the frame of 3D printer by different means and standards [3] . The material inside the chamber should be in its molten state, but the temperature has to be kept as low as possible, because the quality of some polymers will deteriorate at high temperatures. Furthermore, the application of high temperatures inside a nozzle requires cooling after extrusion. The stability of constant pressure for extrusion is depended on the constant supply of material from the cold-end fed into the chamber [2] . The simple schematic diagram of a conventional FFF extruder is shown in Figure 1 .
The use of only one extruder limits the 3D printing capabilities. Only one single filament can be set into an extruder at a time and therefore only one color/material filament can be used. Changing of filament would require a noticeable time break as the printing process is paused. The procedures include pull out the used filament, clean the extruder chamber, and feed in the next filament [5] . 
B. Multi-Nozzle Extrusion Challenges
It is possible to feed several filaments in one goal with the implementation of extruders with several nozzles. It can facilitate printing with multi-colors and/or multi-materials. Dual extruder is one of the successful implementation of the concept. There are two nozzles on the dual extruder head and the extrusion principle is the same as single nozzle extruder. One of the primary reasons for using a multiple extruder is to increase the speed of printing process. The printing time can be reduced by continuous operation of extruders as it is no need to spend extra time on changing filaments. In most cases, the second extruder of the dual extruders is used to print supporting material to hold the object's suspended volume part for complex 3D structural [7] In addition, some of the models use more than two nozzles at the same time. For example, ROVA 3D printer's extruder, which consists of five nozzles and five motors. Each of the filaments is driven by a motor to the respective hot-end nozzle [8] . The major constraints of the multi-nozzle extruders are the bulkiness and the weight since it contains several hot-end and motor systems. It would reduce the print volume and would also lower the printing speed considerably [5] .
III. MECHANISM OF THE PROPOSED DESIGN
In the proposed extruder model, there are two main parts, (1) hot-end and (2) filament driving cold-end. The designed hot-end has five separate nozzles that are designed to print up to five different colors/materials without any manual interruption to switch/change the filaments. The heat barriers of the hot-end are fixed to a holding plate in a circular pattern as shown in Figure 2 . Each of the nozzles is responsible for only one type of filament. This means that five spools of filament would be attached at the same time. The printing time as well as the frequency of maintenance and cleaning can be reduced. The whole setup is installed at the X-axis carriage, which is controlled by a stepper motor and a belt. The hot-end can move only along x-axis as shown in Figure 3 .
The cold-end consists of a cylinder with five holes for filaments, two thrust ball bearings, two gears and two stepper motors. The cylinder is firmly attached to a larger gear. The larger gear is located between two thrust bearings and they are covered by two plates. Upper and lower plates are fixed using screw-nut combination as the design is illustrated in Figure 4 . Furthermore, a small gear is driven by NEMA 14 stepper motor, which is placed on the upper plate, and the gear is responsible for the rotation of cylinder in Figure 5 and Figure  6 . Filament change can be performed by rotation of the cylinder. The rotation allows required filament to be moved by the hobbed shaft attached to NEMA 17 stepper motor. The NEMA 17 stepper motor is placed and fixed on the upper plate as shown in Figure 5 .
A pushing mechanism is used in order to have proper contact between the hobbed shaft and the driven filament as shown in Figure 7 . This mechanism consists of a bearing and a spring. The system pushes the filament towards the shaft and the frictional force between the shaft and the filament can then be increased. Bowden-type extruder is chosen for the connection of coldend and hot-end. The main reason for this selection is to reduce the weight of the moving components. Since the heavy stepper motors are off in a fixed position, the moving hot-end can then be moved with less force and with a faster speed. Bowden cable showed in Figure 8 provides a stable supply of the filament from the cold-end to the hot-end [9] . Moreover, it also decreases the load exerted on the X-axis carriage and improves the mobility of the hot-end.
IV. RESULTS AND DISCUSSION

A. Overall Design of the multi-nozzle extruder
The exploded 3D view of the design of multi-nozzle extruder is shown in Figure 6 and the list of elements for the design is shown in Table I . 
B. Design of components (for stress/strain)
Computational finite element (FE) simulation was performed using computer aided design software (Solidworks 2014, Das sault Systèmes Solid works Corp., MA, USA) to investigate the applicability of the design of plates and holders as shown in Figure 8 to withstand the parts located on them. The loadings applied to the upper plate include the weight from the two stepper motors and the loadings applied to the lower plate include the weights from the two thrust bearings, spinning cylinder and large gear. The area of contact between holders and plates was set as fixed and the loadings acted to the plates are shown in Figure 9 and Figure 10 . ABS is selected for the plate's material due to its ease of manufacturing, high strength and light weight. The mechanical properties of ABS are listed in Table II. The simulation result is shown in Figure 11 . The minimum structural factor of safety (FOS) is 8.1, which is higher than the common safety factor of 1.5. It indicated that the ABS plates are capable to hold the parts of cold-end. Figure 12 shows the multi-filament based probe which has been manufactured in Rapid Prototyping Machine. Filament hole diameters are 4 mm. It will enable the new printing probe to print a maximum of five colors simultaneously. 
V. PERFROMANCE EVALUATION
Firstly, considering the variety of existing model's capabilities in terms of filament quantity, the proposed model is designed to print five different colors, while a limited number of multi-extruder models can print more than 3 colors. Secondly, all models use stepper motors for extrusion, but the number of used motors varies. Such as; Theta and RoVa3D use 10 and 5 motors respectively where NPr2 uses 2 motors. On the other hand, in the developed system, two stepper motors have been integrated for the complete system construction. In considering applied weight on moving rails, existing models do not specify this parameter. A rough approximation was done in order to distinguish comparable weight. The developed hot-end holding structure with the five nozzle heads and fittings has a total weight of 0.18 kg. Theta has one NEMA17 stepper motor in addition to the hot-end structure. The motor has a minimum weight of 0.2 kg, thus; in total it is approximately 0.4 kg. Similarly, RoVa3D in addition to five nozzle heads has a solid large structure, which gives a total weight of 0.2-0.5 kg. Likewise, hot-end of NPr2 separated with PTFE tube from the cold-end has a weight of approximately 0.15-0.25 kg. In terms of overall weight, the developed system is lighter than the existing 3D printers. Finally, the total manufacturing cost is much more lesser than the existing systems.
VI. CONCLUSIONS
The current single nozzle 3D FFF printer has limited its application due to its intrinsic deficiency. It resulted in the relatively low printing speed and limitation of only single color/material printing. Multi-color/material printing using single nozzle extruder requires extra time for filament replacement and nozzle cleaning, which is complicated and time-consuming.
The proposed multi-nozzle extruder design consists of five nozzles enables printing with five different colors and materials simultaneously without stopping the operational process while switching the filaments. Bowden-type extruder is selected so that the driving parts are separated from the hot-end. In addition, the hot-end extruder is driven by only two stepper motors, which can greatly reduce the bulkiness and weight of the hot-end and thus to increase the printing speed. The computational finite element analysis shows that ABS is capable to use for the structural material due to its ease of manufacturing, high strength and light weight. The proposed design also provides an economically friendly solution to the manufacturer, since only two stepper motors are needed to drive filaments for the five nozzles.
The proposed extrusion model provides a novel technique for 3D printing with multi-color and multi-material. Further investigation and experimental study are needed to further improve the design of extruder and optimization of the system.
